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Abstract
Non-typable Haemophilus influenzae (NTHi) is a Gram negative pathogen that causes acute respiratory infections and is
associated with the progression of chronic respiratory diseases. Previous studies have established the existence of a
remarkable genetic variability among NTHi strains. In this study we show that, in spite of a high level of genetic
heterogeneity, NTHi clinical isolates display a prevalent molecular feature, which could confer fitness during infectious
processes. A total of 111 non-isogenic NTHi strains from an identical number of patients, isolated in two distinct
geographical locations in the same period of time, were used to analyse nine genes encoding bacterial surface molecules,
and revealed the existence of one highly prevalent molecular pattern (lgtF+, lic2A+, lic1D+, lic3A+, lic3B+, siaA2, lic2C+,
ompP5+, oapA+) displayed by 94.6% of isolates. Such a genetic profile was associated with a higher bacterial resistance to
serum mediated killing and enhanced adherence to human respiratory epithelial cells.
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Introduction
The Gram-negative bacterium nontypable Haemophilus influenzae
(NTHi) is a commensal organism in the human upper respiratory
tract, and a cause of diseases, including otitis media, conjunctivitis,
sinusitis, pneumonia, chronic bronchitis and progression of
chronic obstructive pulmonary disease (COPD) [1]. This oppor-
tunistic pathogen is provided of molecular mechanisms devoted to
evade host immunity. A number of studies have reported NTHi
ability to resist killing by humoral immunity components such as
complement and antimicrobial peptides [2–3], and to colonise
respiratory epithelial cells by adhesion and biofilm formation [4–
5], and invasion and intracellular location [6]. Differential genome
content between isolates has been reported [7]; this aspect also
contributes to bacterial escape from the host immunity. Genetic
polymorphisms occur at a high rate within the NTHi population; a
major factor contributing to NTHi genetic diversity is DNA
exchange by horizontal gene transfer [8]. Phase variation, the
reversible high-frequency on/off switching of gene expression
mediated by mutations in simple sequence repeats (SSRs) located
within the open reading frame (ORF) or the promoter of a gene,
also contributes to diversity. SSRs, predominantly comprised of
tetranucleotide repeat units, mediate phase variable expression of
multiple molecules expressed on the bacterial surface; the
repertoire of SSRs varies between NTHi strains [9]. SSRs control
expression of epitopes playing a role in molecular mimicry:
phosphorylcholine (PCho) mimics the eukaryotic platelet associat-
ed factor (PAF) and is a ligand for the PAF receptor; digalactose
mimics human Pk antigen; sialic acid (5-acetylneuraminic acid or
Neu5Ac) is frequently present in host cell membrane glyco-
sphyngolipids [10–11].
Genetic variability between NTHi isolates underlies the striking
heterogeneity of the lipooligosaccharide (LOS) outer core, a major
virulence determinant. NTHi LOS is a complex glycolipid
comprising a membrane-anchoring lipid A linked by a single 2-
keto-3-deoxyoctulosonic acid (Kdo) to an heterogeneous oligosac-
charide composed of neutral heptose (Hep) and hexose (Hex)
sugars, but lacks an O antigen [11]. Each Hep of a conserved
trisaccharide inner core can be a point for the addition of Hex and
further chain extensions, the degree and pattern of which varies
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among strains [11] (Fig. 1). The genetic blueprint for NTHi LOS
biosynthesis is known; lgtF encodes a glycosyltransferase respon-
sible for adding glucose as the first sugar to HepI [12]; lic2C and
lpsA encode glycosyltransferases that initiate sugar extensions from
HepII and HepIII, respectively [12]. The lic1 operon (lic1A to
lic1D) encodes four proteins responsible for the synthesis and
transfer of PCho to the LOS [13]. The lic2A, lgtC and lex2B genes
encode glycosyltransferases required to add a digalactose to the
LOS [14]. Sialic acid is incorporated to LOS as a terminal sugar
by four sialyltransferases encoded by lic3A, siaA, lsgB and lic3B [15–
16]. The multiple LOS components contribute to its heterogene-
ity, and influence the biology of the bacteria [11]. PCho plays a
role in NTHi resistance to antimicrobial peptides and serum,
association with epithelium, and biofilm formation [3,17–20].
Digalactose is associated with virulence and resistance to
complement [21–22]. LOS sialylation renders NTHi resistant to
complement-mediated killing and plays some role in biofilm
formation [23–25]. The lic2C, lic2B and lic3B genes are variably
present among NTHi strains [12,15,24,26]; lic1A, lic2A, lgtC, lex2A,
lic3A and lic3B contain SSRs based on tetranucleotide repeats
[9,27–28].
NTHi strains may express a repertoire of proteins to adhere to
the respiratory epithelium; typically, PE, Hap, HMW1, HMW2,
Hia, Hap, P2, P5 and OapA outer membrane proteins are
nonpilus adhesins [29–31]. These proteins often display sequence
diversity between strains; given their potential variability, two of
these proteins were selected for further analysis in the current
study. P5, encoded by ompP5 [32–33], is a member of the OmpA
protein family; P5 contains host-adhesive domains that bind to
human mucin and to the surface-expressed carcinoembryonic
antigen-related cell adhesion molecule-1 (CEACAM1) in human
pulmonary epithelial cells [34–35]. OapA mediates epithelial
adhesion via an unknown receptor [29].
A relationship between NTHi pathogenesis and genomic
content has been proposed, and several studies have highlighted
the importance of LOS and adhesins on NTHi pathogenesis
[7,26,36–41]. In this study, we hypothesised that NTHi isolates
could be distinguished by genotypic and/or phenotypic signatures,
which could be associated with their capacity to interact with the
host. Indeed, a survey of nine genes encoding bacterial surface
molecules in a NTHi collection of non-isogenic clinical isolates
revealed a highly prevalent molecular pattern with potential
clinical implications. Such a molecular pattern could have an
influence in bacterial host cell adhesion and in resistance to serum
mediated killing.
Results
Molecular epidemiology of a collection of NTHi clinical
isolates
A total of 111 NTHi strains from 111 patients suffering
respiratory (pneumonia, bronchiolitis, sinusitis, acute bronchitis,
acute tracheobronchitis, common cold) and non-respiratory
(conjunctivitis, bacteremia, otitis media, colonisation in lung
carcinoma) infections, and chronic respiratory diseases exacerba-
tions (COPD, cystic fibrosis, bronchiectasis, diffuse parenchyma-
tous lung disease, chronic asthma, chronic interstitial lung disease,
polycystic lung) were collected in two Spanish hospitals within
January–June 2008 (Table S1). Pulsed field gel electrophoresis
(PFGE) analysis indicated that all 111 NTHi isolates had unique
genomic compositions (data not shown).
Distribution and prevalence of bacterial surface
structure-related genes
The collection of NTHi isolates was PCR-screened for the
presence or absence of nine genes encoding proteins responsible
for the expression of surface-exposed molecules (Fig. S1A and S1B
and Table S2). Strain Rd KW20 was used as a control because its
genome has been fully sequenced [42]. Genes were chosen based
on their potential to be variably present (lic3B, siaA, lic2C), variably
expressed (lic2A, lic1D, lic3A, lic3B), sequence variable (ompP5,
oapA), or invariable present (lgtF). The screening revealed three
different gene patterns, named 1 to 3 (Table S3). Pattern 2 (lgtF+,
lic2A+, lic1D+, lic3A+, lic3B+, siaA2, lic2C+, ompP5+, oapA+) was
the most prevalent (94.6% of isolates) in both strain sets (92.2% in
Hospital Universitario Bellvitge-HUB, 97.9% in Hospital Son
Figure 1. Schematic representation of NTHi LOS structure. Relevant sugars linked by the products from the genes lgtF, lic2C, lpsA, lic3A, lic3B,
siaA, lsgB, lic1ABCD, lic2A, lgtC and lex2B are shown. Abbreviations: Kdo, 2-keto-3-deoxyoctulosonic acid; Hep, L-glycero-D-manno-heptose; Glc,
D-glucose; Gal, D-galactose; PEtn, phosphoethanolamine; P, phosphate; PCho, phosphocholine. For each LOS structure the heptose backbone
comprises from top to bottom HepI, HepII and HepIII.
doi:10.1371/journal.pone.0021133.g001
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Espases-HSE). NTHi398 [6,43] belongs to pattern 2. Pattern 1
(lgtF+, lic2A+, lic1D+, lic3A+, lic3B+, siaA2, lic2C2, ompP5+,
oapA+), found in 4.5% of isolates, was present only in strains
collected in HUB; pattern 3 (lgtF+, lic2A+, lic1D+, lic3A+, lic3B+,
siaA+, lic2C2, ompP5+, oapA+), found in 0.9% of isolates, was
present only in strains collected in HSE. Main differences among
patterns were driven by lic2C and siaA. Given that those genes
encode a glycosyltransferase initiating sugar extension from HepII
and a sialyltransferase, respectively, sugar extension from HepII
and sialylation were found to be variable modifications in the
NTHi LOS molecule.
The lic2A gene was present in 100% of strains. Gel
electrophoresis revealed lic2A size differences among isolates,
likely due to the length of the 59-CAAT-39 SSR present within the
59region of lic2A ORF (Fig. S1C). Nineteen isolates representing
the three molecular patterns defined were selected for further
characterization; pattern 1 (NTHi1500, NTHi1559, NTHi1560);
pattern 2 (NTHi398, NTHi1513, NTHi1549, NTHi1553,
NTHi1556, NTHi1557, NTHi1558, NTHi1566, NTHi1568,
NTHi1606, NTHi1607, NTHi1621, NTHi1622, NTHi1623);
and pattern 3 (NTHi1619) (Table 1). Those isolates contained
between 7 and 33 59-CAAT-39 repeats in their lic2A coding
sequences (Fig. S1C and Table S4). The lic2A gene has the 59-
CAAT-39repeat tract preceded by putative initiation codons in
two reading frames, x/y codons in frame 1 and z1/z2 codons in
frame 2 [44–45]. Fifteen out of 19 (78.9%) isolates contained an in
frame lic2A gene. The 73.3% of isolates belonging to pattern 2
conserved one reading frame (Table S4). NTHi1550 (pattern 2)
showed a lic2A PCR product of significantly higher molecular
weight than the rest of strains (Fig. S1C), 49 59-CAAT-3 units in
the SSR within this lic2A gene, which would be non-permissive for
translation.
The lic3A and lic3B genes were present in 100% of isolates. PCR
products of equivalent size were obtained for each gene in all
strains, as the respective SSR was not included in the amplified
portion of each gene. The siaA gene was found in 0.9% of isolates.
The reasons accounting for the low prevalence observed for siaA
are currently unknown. The extended presence of both lic3A and
lic3B would favour LOS sialylation and, consequently, NTHi
phenotypes related to such a LOS modification.
P5 and OapA were selected based on the notion that they display
sequence diversity among strains, which could modulate their
immunogenic and/or adhesive properties; 100% of isolates
contained both genes. The ompP5 PCR product was size invariable.
A PRED-TMBB b-barred analysis predicted five extracellular loop
domains (1–5) for P5 [46]. Each predicted P5 extracellular loop was
sequenced in the 19 selected isolates (Table S5). A point mutation
rendered a premature stop codon in ompP5 from NTHi1568.
Sequence alignments showed different degrees of variability for
each predicted loop, i.e. loop 1, 16 different sequences; loop 2, 13
different sequences; loop 3, 11 different sequences; loop 4, 8
different sequences; loop 5, 3 different sequences (Table S5). The
sequence of loop 1, predicted to be the longest extracellular domain,
was of two types. A region encompassing the motif GINNNGAIK
(red) was found in P5 from 17 isolates; two isolates contained the
motif GVRAMGKQ (blue). A comparable motif distribution had
been reported previously [33]. Loops 2, 3 and 5 were of similar
length; loop 4 was the shortest.
Table 1. Features of NTHi isolates selected for further characterisation.
NTHi strain Clinical data Sample type Molecular pattern a-PCho reactivity a-4C4 reactivity Sialic acid
1500 aCOPD sputum 1 high d2 e+
1559 pneumonia BALf 1 high 2 2
1560 COPD sputum 1 high +/2 +
b398 COPD sputum 2 high 2 +
1513 COPD sputum 2 high 2 +
1549 COPD transthoracic needle aspiration 2 high +/2 +
1553 COPD sputum 2 double 2 +
1556 COPD sputum 2 double 2 +
1557 COPD sputum 2 high ++ +
1558 bronchiectasis sputum 2 high 2 2
1566 COPD sputum 2 double 2 +
1568 COPD sputum 2 high +/2 2
c1606 bronchiectasis sputum 2 low 2 +
1607 COPD sputum 2 high + 2
1621 COPD bronchial aspiration 2 high 2 2
1622 bronchiolitis nasopharynx exudate 2 high ++ +
1623 COPD bronchial aspiration 2 high 2 +
1630 acute tracheobronchiolitis sputum 2 high +++ 2
1619 cystic fibrosis nasopharynx exudate 3 high ++ +
aCOPD: chronic obstructive pulmonary disease.
b398: reference NTHi strain, isolated in HSE and used previously [36–37].
cStrains in this table listed below and including NTHi1606 were isolated in HSE. Strains 1500–1568 were isolated in HUB.
dSignal intensity upon reaction with 4C4 antibody: 2, no signal; from +/2 to +++, increasing signal.
eLOS sialylation: 2, absence of sialylated forms; +, presence of sialylated forms.
fBAL: bronchoalveolar lavage.
doi:10.1371/journal.pone.0021133.t001
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The oapA PCR products were size variable between strains (data
not shown). Six different sequences were found; Table S6 shows
sequence differences for the region of the gene starting at aa 195.
61.1% of isolates had Rd KW20-like sequence; 5.6% had Hi
Eagan (type b)-like sequence containing a 12 amino acid insertion
[29]; other isolates displayed four additional insertion sequences.
Taking as a reference the OapA longest sequence, encompassing
two QAEQP sequence repeats (red) (NTHi1622), we found 61.1%
of strains with a 12 aa deletion, 5.6% of strains with a 32 aa
deletion; 5.6% of strains with a 35 aa deletion; 11.1% of strains
with a 44 aa deletion; and 11.1% of isolates with a 48 aa deletion
(Table S6).
Together, the analysis of seven LOS biosynthesis and two outer
membrane protein encoding genes in a collection of NTHi clinical
isolates revealed three patterns of distribution, one of them being
prevalent.
NTHi lipooligosaccharide phenotypic distribution among
clinical isolates
By having multiple phase-variable loci, NTHi can generate a
range of LOS glycoforms that allow the organism to adapt to
different host microenvironments [11,28]. We assessed the
expression and distribution of three phase variable LOS
modifications involved in virulence, PCho, sialic acid and
digalactose, in the subset of NTHi isolates under study. Addition
of PCho to NTHi LOS requires the lic1ABCD operon [13]. lic1D,
encoding the PCho transferase, was shown to be present in 100%
of strains. PCho incorporation to LOS is dependent on the
number of phase-variable 59-CAAT-39 repeats in the SSR within
the lic1A reading frame. All strains expressed PCho; 77.5% of
strains (45% from HUB and 32.5% from HSE) displayed high
PCho levels; 4.5% displayed low PCho levels (all from HUB); 18%
of strains (8.1% from HUB and 9.9% from HSE) displayed a
mixture of high or low expressing colonies. 76.2% of strains
belonging to the prevalent pattern 2 showed high PCho signal.
LOS from our selected subset of isolates was analysed by SDS-
PAGE, following neuraminidase treatment to assess sialic acid
decoration. Electrophoretic profiles showed heterogeneity (Fig. 2).
Neuraminidase treatment resulted in lessening or removal of one
or more LOS bands in 13/19 (68.4%) of strains, indicating a
variable degree and pattern of sialylation (Fig. 2). 66.6% of strains
belonging to pattern 2 showed sialylation. All strains contained a
combination of two or the three sialyltransferases analysed, lic3A,
lic3B and siaA, suggesting that variation in gene content and/or
expression could contribute to LOS sialylation diversity.
Analysis of LOS digalactose by dot-blot in our selected subset of
isolates showed that 8 of 19 isolates (42.1%) reacted with mAb
4C4; 60% of strains belonging to pattern 2 gave a positive signal
with mAb 4C4 (Table 1). Strains with a number of 59-CAAT-39
repeats in their lic2A SSR non-permissive for translation of full-
length Lic2A (see Table S4, NTHi398, 1513, 1556, and 1558) did
not react with mAb 4C4. Isolates containing a number of 59-
CAAT-39 repeats permissive for Lic2A translation displayed
heterogeneous 4C4 reactivity (Table 1).
These data showed diversity among NTHi isolates regarding
LOS electrophoretic profile that was independent of gene pattern.
PCho decorated all LOS analysed and sialic acid was also present
in the LOS of most strains tested.
Contribution of molecular patterns to NTHi serum
resistance and epithelial adhesion
We assessed the contribution of the prevalent genetic signature
observed to NTHi interaction with the human serum and the
respiratory epithelium. We assessed serum mediated killing by
incubating bacteria with an increasing range of serum doses
(serum percentage ranged between 0.15% and 10%). Table 2
shows serum resistance for three strains belonging to pattern 1
(table 2 upper region, NTHi1500, NTHi1560, NTHi1559),
fourteen strains belonging to pattern 2 (table 2 middle region,
NTHi1566-NTHi1568), and one strain belonging to pattern 3
Figure 2. Electrophoresis profiles of LOS isolated from representative NTHi strains. LOS from representative NTHi strains were isolated
and separated after SDS-PAGE; strains NTHi1500, 1559, 1560 (pattern 1); NTHi398, 1513, 1549, 1553, 1556, 1557, 1558, 1566, 1568, 1606, 1607, 1621,
1622, 1623, 1630 (pattern 2); NTHi1619 (pattern 3). A pair of profiles, before (2) and after (+) neuraminidase treatment, is shown for each strain.
Arrows show bands removed or altered following neuraminidase treatment.
doi:10.1371/journal.pone.0021133.g002
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(table 2 lower region, NTHi1619). Resistance to serum mediated
killing was greater for isolates belonging to pattern 2 (NTHi1566,
1513, 1553, 1557, 398 and 1622) (Table 2). The widest differences
among strains were observed at 10, 5 and 2.5% serum. Serum
resistance levels correlated to the presence of sialic acid on the
LOS (Table 2, labeled with *), in agreement with previous findings
[47]. No good correlation between digalactose presence and serum
resistance could be established (Table 2, labeled with 6).
We next assessed the adhesion of our selected subset of NTHi
strains to human airway epithelium, by using A549 cells as a
model. Although the level of bacterial adhesion varied between
strains, a number NTHi isolates belonging to pattern 2
(NTHi1622, 398, 1566, 1513, 1557), were more adherent
(Fig. 3). NTHi1622 binding to A549 cells was significantly higher
than the adhesion of the rest of strains tested; NTHi1566 adhesion
was significantly higher than all strains tested, except NTHi398;
NTHi398 adhesion was significantly higher than all strains tested,
except NTHi1500.
The P5 protein has been shown to be a bacterial ligand for the
CEACAM1 receptor [34–35]. CEACAM1 expression on A549
cells has been reported [35–48]; tightly confluent/over-confluent
A549 monolayers seem to present significant levels of CEACAM1
[49]. Given that P5 extracellular loops were found to be highly
variable among strains, this diversity could account for different
bacterial capacity to bind to CEACAM1, which could determine
differential bacterial adhesion rates. To guarantee the receptor
presence on A549 cells, adhesion assays were carried out by using
over-confluent A549 cell monolayers, where CEACAM1 could be
detected by western blot (Fig. 4D). Adhesion to A549 over-
confluent cells was analysed for seven strains (representative of
genetic patterns 1, 2 and 3, and representative of high, medium
and low adhesion to A549 cell). Those strains showed a host cell
adhesion trend similar to the one shown before (Figs. 3 and 4A).
NTHi1622 adhesion was significantly higher than the adherence
shown by the rest of strains tested; NTHi1500, 398, 1566 and
1619 displayed an intermediate adhesion capacity; NTHi1560 and
NTHi1606 showed lower adhesion than the rest of strains tested.
To further guarantee CEACAM1 presence, identical adhesion
assays were carried out by using HeLa-BGP (biliary glycoprotein
or CD66a, currently known as CEACAM1) cells [50], a HeLa
derivative cell line stably expressing hCEACAM1-4L (Fig. 4D).
Adhesion to HeLa-BGP cells was analysed for the same subset of
seven strains, displaying host cell adhesion patterns similar to those
found for A549 cells (Figs. 3 and 4B). Considering the
heterogeneous isolation sources of the NTHi strains under study,
we also assessed bacterial adhesion to a different respiratory
epithelial cell type. The analysis of NTHi adhesion to Detroit 562
human pharynx epithelial cells for the same subset of seven strains
is shown in Fig. 4C. In general terms, NTHi adhesion to Detroit
562 cells was higher than adhesion to A549 or HeLa-BGP cells.
NTHi1622 and NTHi1566 displayed higher adhesion than the
rest of strains tested. NTHi398 showed an intermediate adhesion
level; NTHi1500, 1560, 1606 and 1619 seemed to be lower
binders. CEACAM1 could also be detected on Detroit 562 cell
extracts (Fig. 4D).
In summary, NTHi isolates belonging to the most prevalent
gene pattern are more resistant to complement mediated killing
and adhere better to airway epithelial cells. Adhesion capacity
varies among strains. Comparable adhesion diversity was found
for a subset of strains showing different P5 extracellular loops
sequence when adhesion to three independent human cell lines
expressing CEACAM1 receptor was assessed.
Discussion
We analysed the distribution, conservation and expression of
genes encoding NTHi surface structures, which revealed a
prevalent molecular pattern in a collection of non-isogenic NTHi
clinical isolates from different pathological origins. The fact that all
isolates rendered different PFGE profiles gives further support to
the notion that NTHi genetic content is heterogeneous among
isolates [8]. Strains belonging to the identified prevalent pattern
showed prominent levels of resistance to serum mediated killing
and adhesion to respiratory epithelium, suggesting that this
molecular signature could be advantageous for NTHi pathoge-
nicity. This notion has been observed for Staphylococcus aureus, by
establishing genetic relationships between nasal carriage and
clinical isolates [51]. Strains endowed with the identified prevalent
signature contain lgtF, lic2A, lic1D, lic3A, lic3B, lic2C, ompP5 and
oapA. Of note, Rd KW20, extensively used as a reference strain in
H. influenzae studies, does not present the same molecular profile.
Indeed, Rd KW20 molecular profile is lgtF+, lic2A+, lic1D+, lic3A+,
lic3B2, siaA+, lic2C2, ompP5+, oapA+. Gene pattern 2 facilitates
sugar chain extensions from HepI and HepII in the LOS.
Although sugar extensions from HepIII were not analysed here,
lpsA is present in NTHi strains tested to date [12]. A previous
survey on NTHi otitis media isolates showed lic2C in 48.1% of
strains [12]. We observed significantly higher lic2C prevalence
(94.6%) in our NTHi collection. Same trend was observed for
lic3B, present in 100% of isolates in our collection, but in 60% of
previously analysed NTHi otitis media isolates [15]. Such different
gene prevalence could relate to differences in strain collection size
or anatomical origin.





10% 5% 2.5% 1.25% 0.6% 0.3% 0.15%
1500* 0 0 0 1,2 36,8 64,6 89,5
1560*6 0 8,2 29,2 42,5 60,7 70,8 62,6
1559 1,3 6,7 13,8 23,1 39,1 53,1 68,4
1566* 16 68,6 110,7 102,8 103 102,8 84,6
1513* 13,5 36,5 63,5 82 108,8 105 97,8
1553* 10,9 50 74,1 91,5 94,1 102,1 105,9
1557*6 0 33,7 55 97,6 98,8 103,6 90,5
398* 0 21,8 79,2 88,4 99,5 93,5 93,7
1622*6 1,5 10,8 46,4 74,5 77,8 82,5 84,5
1549*6 2,1 10,8 22,7 38,6 55,9 75,9 81,7
1623* 0,6 5,4 23,2 54,8 75 68,5 82,7
1606* 0 0 36,3 55,5 69,2 76,9 93,4
16076 2 28,8 59,9 75,4 91,5 94 83,5
1621 0,3 5,4 23,7 63,2 75,3 70,9 77,9
1558 0,3 0,6 14,1 28 48,5 67,6 71,5
16306 0 0,6 11,4 53,6 80,5 84,7 77
15686 0 0 0,6 7,2 30,2 56,3 75,8
1619*6 0,9 4,3 20,1 33,8 53,3 68,5 77,7
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The lic1A, lic2A, lic3A and lic3B genes contain multiple copies of
a tetranucleotide repeat within the 59end of their coding
sequences. The repeat copy number can vary due to slipped-
strand mispairing, resulting in altered gene expression and LOS
structural variation [28]. Our complete strain collection expressed
PCho, mostly at a high level. Although PCho addition to LOS is
variable, dependent on lic1A phase variation [22], its ubiquitous
expression in our isolates would support that PCho expression is
advantageous for the pathogen. In fact, PCho promotes NTHi
infection and persistence by reducing host inflammatory response
and promoting the formation of stable biofilms [17–18,52]. The
lic2A gene was also present in all isolates; however, when LOS
decoration with digalactose was assessed, expression was variable
within and between strains. MAb 4C4 interacts with a digalacto-
Figure 3. Adhesion of representative NTHi clinical isolates to A549 airway epithelial cells. NTHi strains were used to infect A549 cells at
an MOI of 100:1 for 30 min. Bacterial adhesion was quantified following lysis of host cells, serial dilution, and viable counting. The level of adhesion
was determined as follows: percent adhesion = (cfu output/cfu input)6100. Black bars correspond to strains with pattern 1; gray bars to strains with
pattern 2; white bar to strain with pattern 3.
doi:10.1371/journal.pone.0021133.g003
Figure 4. Adhesion of representative NTHi isolates to over-confluent A549, to HeLa-BGP and to Detroit 562 pharynx epithelial cells.
NTHi strains were used to infect (A) over-confluent A549, (B) HeLa-BGP and (C) Detroit 562 epithelial cells at an MOI of 100:1 for 30 min. Bacterial
adhesion was quantified following lysis of host cells, serial dilution, and viable counting. The level of adhesion was determined as follows: percent
adhesion = (cfu output/cfu input)6100. (D) Detection of human CEACAM1 receptor in confluent A549, HeLa-BGP and Detroit 562 epithelial cells by
Western Blot with mouse anti-CEACAM1 and goat anti-mouse conjugated to horseradish peroxidase antibodies (upper panel). Extracts were prepared
from non-infected cells. Detection of tubulin (bottom panel) was used as control. In (A), (B) and (C), black bars correspond to strains with pattern 1;
gray bars to strains with pattern 2; white bar to strain with pattern 3.
doi:10.1371/journal.pone.0021133.g004
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side epitope when located as the terminus of a globotetraose
extension from HepI or HepII; this expression could change due
to phase variation in the lic2A, lgtC or lex2 loci. All isolates tested
carry at least two sialyltransferase genes and most isolates express
sialylated LOS. Four sialyltransferase encoding genes have been
identified so far in H. influenzae strains [15–16]. This functional
redundancy could be focused to favor LOS sialylation, supporting
the notion of a relevant role for this LOS modification during
NTHi infection. In agreement with previous reports [24], we
found a correlation between LOS sialylation and serum resistance.
Of note, epidemiological data suggest that LOS sialylation could
be linked to disease severity [53].
The ompP5 gene encodes putative surface-exposed loops, highly
heterogeneous between strains. Previous studies showed ompP5
sequence variability [32–33]; an ompP5 orthologue in H. parasuis
shows diversity among isolates [46]. Given that P5 has immuno-
dominant properties [54], NTHi is likely to evolve a high variability
rate in this protein to evade adaptive immunity. P5 also displays host
cell adhesive properties, by binding to CEACAM1 receptor [34–
35]; P5 observed diversity may modulate bacterial adhesion to cell
surfaces, which may be related to the adhesion heterogeneity among
the NTHi strains analysed in this study. NTHi adhesion to A549
and HeLa-BGP cells was similar for the strains tested; NTHi
adhesion to Detroit 562 cells was comparable, in general terms, to
adhesion to A549 and HeLa-BGP cells, with subtle differences. Of
note, different cell types are endowed with distinct receptor
molecules; thus, adhesion variability between cell types could be
related not necessarily to P5-CEACAM1 adhesion dynamics, but to
additional bacterial adhesive molecules which would bind their
partners on the host cell surface. OapA is an envelope protein
contributing to nasopharynx colonization [31] and cell adhesion
[29]. OapA sequence diversity observed here may modulate
bacterial interaction with cell surfaces. Adhesion is generally a
crucial stage during infection processes [55]. NTHi adhesion is the
result of the combined effect of multiple variable adhesive
molecules, the combinations of which vary among strains. Strains
tested here displayed adhesion heterogeneity; even though, the most
adherent isolates belonged to the most prevalent molecular pattern.
Of note, NTHi1622, NTHi398 and NTHi1566, displaying
significantly higher adhesion rates, contained long OapA sequences,
the prevalent GINNNGAIK motif in their P5 loop 1, and PCho and
sialic acid decorating their LOS.
Bacterial population studies have suggested the association of
the genotype IS1016+, hia+, hmw2 with NTHi invasive isolates
[41], the presence of the IS1016-bexA deletion with non-type b H.
influenzae [39], and the association of lic2B+, hmw+ and nine other
genomic loci with NTHi otitis media isolates [37]. We present
here a molecular profile found prevalent in a collection of NTHi
strains of heterogeneous clinical origin. Based on our observations,
we postulate that this profile could be a general feature providing
the pathogen with advantages during infectious processes. These
findings provide information with potential clinical implication.
The prevalent bacterial surface structures could be suitable targets
for designing new antimicrobial molecules. Future studies will
attempt to expand our knowledge about the features dependent
upon the molecular signature presented here.
Materials and Methods
Ethics statement for collection of NTHi clinical isolates
The study was approved by the Ethics Committee of the
Balearic Islands and all aspects of the study comply with the
Declaration of Helsinki. Ethics Committee of the Balearic Islands
specifically approved that not informed consent was required
because data were going to be analysed anonymously. Bacterial
strains were isolated from human clinical samples which were
collected following Hospital Universitario Bellvitge and Hospital
Universitario Son Espases approved procedures by each Micro-
biology Service.
Bacterial strains and culture conditions
NTHi strains from 111 patients from 17 days to 92 years of age
were isolated between January and June 2008 in Hospital
Bellvitge-HUB (Barcelona) and Hospital Son Espases-HSE (Mal-
lorca), two Spanish tertiary reference hospitals. Sixty four strains
were isolated in HUB from sputum (52 strains), bronchial or
tracheal aspirate (5), conjunctive exudate (2), blood (2), broncho-
alveolar lavage (BAL) (2) and pulmonary abcess (1). Forty seven
strains were isolated in HSE from sputum (24), bronchial or
tracheal aspirate (14), nasopharyngeal exudate (5), conjunctive
exudate (3) and ear exudate (1). Rd KW20 is a non-capsular
serotype d-derived strain for which a genome sequence has been
completed [42]. NTHi398 is a COPD isolate [6,43]. NTHi was
grown at 37uC with 5%CO2 on Chocolate-agar plates or on Brain
Heart Infusion (BHI)-agar supplemented with hemin (10 mg/ml)
and b-NAD (b-nicotinamide adenine dinucleotide, 2 mg/ml).
Pulse field gel electrophoresis (PFGE)
NTHi isolates were characterised by macrorestriction analysis of
chromosomal DNA after SmaI digestion and fragment separation
by PFGE using a CHEF-DR III contour-clamped homogeneous
electric field apparatus (BioRad), programmed at 6 V/cm2 for
23 h, with switching times ramped from 1 to 30 s. DNA fragments
were visualised by ethidium bromide staining and interpreted
following previous criteria [56].
Genomic DNA preparation and PCR amplification
Chromosomal DNA was isolated from a 5 ml culture grown
overnight in sBHI. Bacteria were centrifuged (14.000 g, 5 min),
the pellet was resuspended in 567 ml of TE. Subsequently, 30 ml of
10% SDS and 3 ml of proteinase K (20 mg/ml) were added, mixed
and incubated, 1 h at 37uC. Then, 100 ml of 5 M NaCl were
added, followed by 80 ml of 10% CTAB/0.7 M NaCl. Samples
were incubated, 65uC for 10 min. An equivalent volume of
chloroform/isoamyl alcohol was added, mixed and centrifuged
(14.000 g, 5 min). The aqueous supernatant was transferred to a
fresh tube, and re-extracted with phenol/chloroform/isoamyl
alcohol. Thereafter, 0.6 ml of isopropanol were added to the
supernatant, the mixture was centrifuged. The pellet was washed
twice with 70% ethanol, dried, and resuspended in 100 ml sterile
water.
Genes were screened with primers in Table S2: lgtF (lgtF-
F1+lgtF-R1, 1461 bp), lic2A (lic2A-Fs+lic2A-Rs, 909 bp), lic1D
(lic1D-F1+lic1D-R1, 826 bp), lic3A (lic3A-F1+lic3A-R1, 888 bp;
lic3A-F2+lic3A-R1, 846 bp), lic3B (lic3B-F1+lic3B-R1, 891 bp;
lic3B-F2+lic3B-R1, 851 bp), siaA (siaA-F1+siaA-R1, 854 bp), lic2C
(lic2BA+lic2BC, 1035 bp; lic2BA+lic2BB, 1898 bp), ompP5 (P5-
Fw+P5-Rv, 1046 bp; P5-seqF4+P5-Rv, 912 bp; P5-seqF5+P5-Rv,
985 bp), oapA (oapA-Fw+oapA-Rv, 1170 bp). PCR was performed
on chromosomal DNA using Taq DNA polymerase: 5 min
denaturation (94uC); 1 min periods of denaturation (94uC),
annealing (55uC) and polymerisation (72uC) for 30 cycles. For
genes where one single product size was observed for all isolates,
PCR products from two randomly chosen isolates were sequenced.
For ompP5, PCR products from the subset of selected strains were
sequenced. For lic2A and oapA, at least one representative PCR
product per size was sequenced.
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Colony immunoblot
PCho level was assessed by immunoblotting as described
previously, by using mouse anti-PCho TEPC-15 antibody [13].
Analysis of LPS by electrophoresis and dot-blot
LPS patterns from selected NTHi isolates were analysed as
previously described [57]. Bacterial lysates were prepared from
cells grown overnight on BHI plates supplemented with Neu5Ac,
then suspended in PBS (pH 5.8) to a concentration with an
absorbance of 1 at 260 nm. Lysates were treated with neuramin-
idase and analysed by Tricine-SDS-PAGE and staining with silver
(Quicksilver; Amersham Biosciences). The neuraminidase, purified
from Clostridium perfringens, cleaves terminal sialic acids bound to
oligosaccharides. Assessment of digalactose levels on the surface of
NTHi strains was performed using 2 ml lots of bacterial lysates in
dot-blots [57], using monoclonal antibody 4C4, which recognises
Gal-a-(1-4)-b-Gal [58].
Cell culture and bacterial infection
A549 human alveolar epithelium (immortalised type II
pneumocytes, ATCC CCL-185) was maintained as before [6].
Cells were seeded (to reach 46105 cells/well) in 24-well plates,
and serum starved 16 h before infection by replacement of
medium with supplemented RPMI lacking FBS. When neces-
sary, cells were seeded for a longer period of time to reach an
over-confluent monolayer (approximately 86105–16106 cells/
well) [49]. HeLa-BGP is a stably transfected HeLa cell line
expressing hCEACAM1-4L receptor [50]. HeLa-BGP cell line
was propagated as described before [50]. Cells were seeded
(46105 cells/well) in 24-well plates, 24 h before each experi-
ment. Detroit 562 human pharynx epithelium (immortalised
pharynx epithelial cell line, ATCC CCL-138) was maintained
following manufacture’s instructions. Briefly, Detroit 562 cells
were maintained in DMEM tissue culture medium supplement-
ed with 1% HEPES, 10% heat inactivated foetal calf serum
(FCS) and antibiotics (penicillin and streptomycin) in 25 cm2
tissue culture flasks at 37uC in a humified 5% CO2 atmosphere.
Cells were seeded (105 cells/well) in 24-well plates, 24 h before
each experiment. Stationary phase grown NTHi were recovered
with 1 ml PBS from a Chocolate-agar plate and adjusted to
OD600 = 1 (10
9 c.f.u./ml). In all cases, cells were infected in
1 ml EBSS (Earle’s Balanced Salt Solution) with the freshly
obtained bacterial suspension, at approximately MOI 100:1, for
30 min, washed three times with PBS, and lysed with 300 ml of
PBS-Saponin 0.025% for 10 min at room temperature. Serial
dilutions were plated on sBHI-agar. Bacterial adhesion is
represented as % = (c.f.u. output/c.f.u. input)6100.
Serum resistance assay
Bacteria grown on medium supplemented with Neu5Ac (30 mg/
ml) were assayed for survival against the killing effect of normal
human serum [24].
Detection of CEACAM1 by Western blotting
A549 cells were seeded on 6-well tissue culture plates to reach
over-confluence (approximately 46106 cells/well). HeLa-BGP
cells were seeded on 6-well tissue culture plates at 26106 cells/
well. Detroit 562 cells were seeded on 21 cm2 tissue culture dishes
at 107 cells/dish. In all cases, cells were highly confluent before
processing. Cells were washed 3 times with cold PBS, scraped and
lysed with 100 ml lysis buffer (16 SDS Sample Buffer, 62.5 mM
Tris-HCl pH 6.8, 2% w/v SDS, 10% glycerol, 50 mM DTT,
0.01% w/v bromophenol blue) on ice. Samples were sonicated,
boiled at 100uC for 10 min and cooled on ice before polyacryl-
amide gel electrophoresis and Western Blotting. CEACAM1 was
detected with primary mouse anti-human CEACAM1 (R&D
Systems, clone MAB2244) antibody diluted 1:500 and secondary
goat anti-mouse antibody conjugated to horseradish peroxidase
(Thermo Scientific) diluted 1:1,000. Tubulin was detected with
primary mouse anti-tubulin antibody (Sigma) diluted 1:3,000 and
secondary goat anti-mouse antibody (Pierce) conjugated to
horseradish peroxidase diluted 1:1,000. When necessary, the
membrane was washed twice for 15 min with PBS-0.5% Tween-
20, incubated for 30 min in RestoreTM Western Blot Stripping
Buffer (Thermo Scientific) at 37uC, and washed twice for 15 min
with PBS-0.5% Tween-20.
Statistical methods
Statistical analyses were performed using analysis of variance,
the two sample t test with two tails followed by the Mann Whitney
test. When required, ANOVA followed by Bonferroni’s multiple
comparison test was performed. A P value of ,0.05 was
considered statistically significant. Analyses were performed using
GraphPad.
Supporting Information
Figure S1 Location of primers and PCR fragment sizes
of genes analysed in the present study. (A) Localization of
primers used for PCR amplification of LOS biosynthesis and
adhesin encoding genes in a collection of NTHi clinical strains. (B)
1% agarose gel showing representative PCR products obtained for
lgtF, lic2C, lic1D, lic2A, lic3A, lic3B, siaA, ompP5 and oapA. (C) 1%
agarose gel showing representative lic2A PCR products displaying
size differences associated with variations in the number of -
CAAT- repeats in the 59region of the reading frame. (-CAAT-)x
refers to the number of tetranucleotide repeats present in strains
Rd KW20 (22 repeats), NTHi1609 (10 repeats), NTHi1500 (11
repeats), NTHi1525 (15 repeats), NTHi1556 (18 repeats),
NTHi1549 (20 repeats), NTHi1501 (26 repeats), NTHi1553 (31
repeats), NTHi1550 (49 repeats). 1 Kb and 100 bp ladders (New
England Biolabs) were used to asses PCR product sizes (B and C).
1 Kb ladder includes fragments of 10, 8, 6, 5, 4, 3, 2, 1.5, 1 and
0.5 Kb. 100 bp ladder includes fragments of 1.517; 1.2; 1 (Kb),
900, 800, 700, 600, 500, 400, 300, 200 and 100 bp.
(TIF)
Table S1 Clinical origin of NTHi isolates used in this
study.
(DOC)
Table S2 Primers used in this study.
(DOC)
Table S3 Distribution of LOS biosynthesis genes in a
collection of 111 clinical NTHi isolates.
(DOC)
Table S4 Distribution of lic2A phase-variable 59-CAAT-
39tetranucleotide repeats for representative NTHi iso-
lates.
(DOC)
Table S5 P5 sequence in predicted extracellular loops 1
to 5 for representative NTHi isolates.
(DOC)
Table S6 OapA protein sequence in the variable region
identified for representative NTHi isolates.
(DOC)
A Prevalent Molecular Pattern in NTHi Isolates
PLoS ONE | www.plosone.org 8 June 2011 | Volume 6 | Issue 6 | e21133
Acknowledgments
We thank Dr. C. Juan for his help with PFGE. JG was a recipient of a
Contrato Miguel Servet, Instituto Salud Carlos III (ISCIII, Spain). AL-G is
a recipient of a Predoctoral Fellowship from Govern Illes Balears, Spain.
CIBERES is an initiative of ISCIII.
Author Contributions
Conceived and designed the experiments: JL AO JAB JG. Performed the
experiments: PM-L AL-G SM DWH CV LC PM. Analyzed the data: JAB
JG PM-L SM DWH PM AL-G. Contributed reagents/materials/analysis
tools: DWH AS. Wrote the paper: PM-L DWH JAB JG.
References
1. Foxwell AR, Kyd JM, Cripps AW (1998) Nontypeable Haemophilus influenzae:
pathogenesis and prevention. Microbiol Mol Biol Rev 62: 294–308.
2. Hallstro¨m T, Riesbeck K (2010) Haemophilus influenzae and the complement
system. Trends Microbiol 18: 258–265.
3. Starner TD, Swords WE, Apicella MA, McCray PB, Jr (2002) Susceptibility of
nontypeable Haemophilus influenzae to human b-defensins is influenced by
lipooligosaccharide acylation. Infect Immun 70: 5287–5289.
4. Rao VK, Krasan GP, Hendrixson DR, Dawid S, St Geme JW, 3rd (1999)
Molecular determinants of the pathogenesis of disease due to non-typable
Haemophilus influenzae. FEMS Microbiol Rev 23: 99–129.
5. Erwin AL, Smith AL (2007) Nontypeable Haemophilus influenzae: understanding
virulence and commensal behavior. Trends Microbiol 15: 355–362.
6. Morey P, Cano V, Martı´-Lliteras P, Lo´pez-Go´mez A, Regueiro V, et al. (2011)
Evidence for a non-replicative intracellular stage of nontypable Haemophilus
influenzae in epithelial cells. Microbiology 157: 234–250.
7. Fernaays MM, Lesse AJ, Sethi S, Cai X, Murphy TF (2006) Differential genome
contents of nontypeable Haemophilus influenzae strains from adults with chronic
obstructive pulmonary disease. Infect Immun 74: 3366–3374.
8. Gilsdorf JR, Marrs CF, Foxman B (2004) Haemophilus influenzae: genetic
variability and natural selection to identify virulence factors. Infect Immun 72:
2457–2461.
9. Power PM, Sweetman WA, Gallacher NJ, Woodhall MR, Kumar GA, et al.
(2009) Simple sequence repeats in Haemophilus influenzae. Infect Genet Evol 9:
216–228.
10. Harvey HA, Swords WE, Apicella MA (2001) The mimicry of human glycolipids
and glycosphingolipids by the lipooligosaccharides of pathogenic Neisseria and
Haemophilus. J Autoimmun 16: 257–262.
11. Schweda EK, Richards JC, Hood DW, Moxon ER (2007) Expression and
structural diversity of the lipopolysaccharide of Haemophilus influenzae: implication
in virulence. Int J Med Microbiol 297: 297–306.
12. Hood DW, Deadman ME, Cox AD, Makepeace K, Martin A, et al. (2004)
Three genes, lgtF, lic2C and lpsA, have a primary role in determining the pattern
of oligosaccharide extension from the inner core of Haemophilus influenzae LPS.
Microbiology 150: 2089–2097.
13. Weiser JN, Shchepetov M, Chong ST (1997) Decoration of lipopolysaccharide
with phosphorylcholine: a phase-variable characteristic of Haemophilus influenzae.
Infect Immun 65: 943–950.
14. Deadman ME, Lundstro¨m SL, Schweda EK, Moxon ER, Hood DW (2006)
Specific amino acids of the glycosyltransferase LpsA direct the addition of
glucose or galactose to the terminal inner core heptose of Haemophilus influenzae
lipopolysaccharide via alternative linkages. J Biol Chem 281: 29455–29467.
15. Fox KL, Cox AD, Gilbert M, Wakarchuk WW, Li J, et al. (2006) Identification
of a bifunctional lipopolysaccharide sialyltransferase in Haemophilus influenzae:
incorporation of disialic acid. J Biol Chem 281: 40024–40032.
16. Jones PA, Samuels NM, Phillips NJ, Munson RS, Jr, Bozue JA, et al. (2002)
Haemophilus influenzae type b strain A2 has multiple sialyltransferases involved in
lipooligosaccharide sialylation. J Biol Chem 277: 14598–14611.
17. Weiser JN, Pan N, McGowan KL, Musher D, Martin A, et al. (1998)
Phosphorylcholine on the lipopolysaccharide of Haemophilus influenzae contributes
to persistence in the respiratory tract and sensitivity to serum killing mediated by
C-reactive protein. J Exp Med 187: 631–640.
18. Hong W, Mason K, Jurcisek J, Novotny L, Bakaletz LO, et al. (2007)
Phosphorylcholine decreases early inflammation and promotes the establishment
of stable biofilm communities of nontypeable Haemophilus influenzae strain 86-
028NP in a chinchilla model of otitis media. Infect Immun 75: 958–965.
19. Lysenko E, Richards JC, Cox AD, Stewart A, Martin A, et al. (2000) The
position of phosphorylcholine on the lipopolysaccharide of Haemophilus influenzae
affects binding and sensitivity to C-reactive protein-mediated killing. Mol
Microbiol 35: 234–245.
20. Swords WE, Buscher BA, Ver Steeg Ii K, Preston A, Nichols WA, et al. (2000)
Non-typeable Haemophilus influenzae adhere to and invade human bronchial
epithelial cells via an interaction of lipooligosaccharide with the PAF receptor.
Mol Microbiol 37: 13–27.
21. Ho DK, Ram S, Nelson KL, Bonthuis PJ, Smith AL (2007) lgtC expression
modulates resistance to C4b deposition on an invasive nontypeable Haemophilus
influenzae. J Immunol 178: 1002–1012.
22. Weiser JN, Pan N (1998) Adaptation of Haemophilus influenzae to acquired and
innate humoral immunity based on phase variation of lipopolysaccharide. Mol
Microbiol 30: 767–775.
23. Figueira MA, Ram S, Goldstein R, Hood DW, Moxon ER, et al. (2007) Role of
complement in defense of the middle ear revealed by restoring the virulence of
nontypeable Haemophilus influenzae siaB mutants. Infect Immun 75: 325–333.
24. Hood DW, Makepeace K, Deadman ME, Rest RF, Thibault P, et al. (1999)
Sialic acid in the lipopolysaccharide of Haemophilus influenzae: strain distribution,
influence on serum resistance and structural characterization. Mol Microbiol 33:
679–692.
25. Jurcisek J, Greiner L, Watanabe H, Zaleski A, Apicella MA, et al. (2005) Role of
sialic acid and complex carbohydrate biosynthesis in biofilm formation by
nontypeable Haemophilus influenzae in the chinchilla middle ear. Infect Immun
273: 3210–3218.
26. Pettigrew MM, Foxman B, Marrs CF, Gilsdorf JR (2002) Identification of the
lipooligosaccharide biosynthesis gene lic2B as a putative virulence factor in
strains of nontypeable Haemophilus influenzae that cause otitis media. Infect
Immun 70: 3551–3556.
27. Harrison A, Dyer DW, Gillaspy A, Ray WC, Mungur R, et al. (2005) Genomic
sequence of an otitis media isolate of nontypeable Haemophilus influenzae:
comparative study with H. influenzae serotype d, strain KW20. J Bacteriol 187:
4627–4636.
28. Moxon R, Bayliss C, Hood D (2006) Bacterial contingency loci: the role of
simple sequence DNA repeats in bacterial adaptation. Annu Rev Genet 40:
307–333.
29. Prasadarao NV, Lysenko E, Wass CA, Kim KS, Weiser JN (1999) Opacity-
associated protein A contributes to the binding of Haemophilus influenzae to Chang
epithelial cells. Infect Immun 67: 4153–4160.
30. St Geme JW (2002) Molecular and cellular determinants of non-typeable
Haemophilus influenzae adherence and invasion. Cell Microbiol 4: 191–200.
31. Weiser JN, Chong ST, Greenberg D, Fong W (1995) Identification and
characterization of a cell envelope protein of Haemophilus influenzae contributing
to phase variation in colony opacity and nasopharyngeal colonization. Mol
Microbiol 17: 555–564.
32. Duim B, Bowler LD, Eijk PP, Jansen HM, Dankert J, et al. (1997) Molecular
variation in the major outer membrane protein P5 gene of nonencapsulated
Haemophilus influenzae during chronic infections. Infect Immun 65: 1351–1356.
33. Webb DC, Cripps AW (1998) Secondary structure and molecular analysis of
interstrain variability in the P5 outer-membrane protein of non-typable
Haemophilus influenzae isolated from diverse anatomical sites. J Med Microbiol
47: 1059–1067.
34. Hill DJ, Toleman MA, Evans DJ, Villullas S, Van Alphen L, et al. (2001) The
variable P5 proteins of typeable and non-typeable Haemophilus influenzae target
human CEACAM1. Mol Microbiol 39: 850–862.
35. Slevogt H, Zabel S, Opitz B, Hocke A, Eitel J, et al. (2008) CEACAM1 inhibits
Toll-like receptor 2-triggered antibacterial responses of human pulmonary
epithelial cells. Nat Immunol 9: 1270–1278.
36. Ecevit IZ, McCrea KW, Pettigrew MM, Sen A, Marrs CF, et al. (2004)
Prevalence of the hifBC, hmw1A, hmw2A, hmwC, and hia genes in Haemophilus
influenzae isolates. J Clin Microbiol 42: 3065–3072.
37. Xie J, Juliao PC, Gilsdorf JR, Ghosh D, Patel M, et al. (2006) Identification of
new genetic regions more prevalent in nontypeable Haemophilus influenzae otitis
media strains than in throat strains. J Clin Microbiol 44: 4316–4325.
38. Erwin AL, Nelson KL, Mhlanga-Mutangadura T, Bonthuis PJ, Geelhood JL,
et al. (2005) Characterization of genetic and phenotypic diversity of invasive
nontypeable Haemophilus influenzae. Infect Immun 73: 5853–5863.
39. Lima JB, Ribeiro GS, Cordeiro SM, Gouveia EL, Salgado K, et al. (2010) Poor
clinical outcome for meningitis caused by Haemophilus influenzae serotype A strains
containing the IS1016-bexA deletion. J Infect Dis 202: 1577–1584.
40. Rodriguez CA, Avadhanula V, Buscher A, Smith AL, St Geme JW, et al. (2003)
Prevalence and distribution of adhesins in invasive non-type b encapsulated
Haemophilus influenzae. Infect Immun 71: 1635–1642.
41. Satola SW, Napier B, Farley MM (2008) Association of IS1016 with the hia
adhesin gene and biotypes V and I in invasive nontypeable Haemophilus influenzae.
Infect Immun 76: 5221–5227.
42. Fleischmann RD, Adams MD, White O, Clayton RA, Kirkness EF, et al. (1995)
Whole-genome random sequencing and assembly of Haemophilus influenzae Rd.
Science 269: 496–512.
43. Martı´-Lliteras P, Regueiro V, Morey P, Hood DW, Saus C, et al. (2009)
Nontypeable Haemophilus influenzae clearance by alveolar macrophages is
impaired by exposure to cigarette smoke. Infect Immun 77: 4232–4242.
44. Dixon K, Bayliss CD, Makepeace K, Moxon ER, Hood DW (2007)
Identification of the functional initiation codons of a phase-variable gene of
Haemophilus influenzae, lic2A, with the potential for differential expression.
J Bacteriol 189: 511–521.
45. Fox KL, Li J, Schweda EK, Vitiazeva V, Makepeace K, et al. (2008) Duplicate
copies of lic1 direct the addition of multiple phosphocholine residues in the
lipopolysaccharide of Haemophilus influenzae. Infect Immun 76: 588–600.
46. Mullins MA, Register KB, Bayles DO, Loving CL, Nicholson TL, et al. (2009)
Characterization and comparative analysis of the genes encoding Haemophilus
parasuis outer membrane proteins P2 and P5. J Bacteriol 191: 5988–6002.
A Prevalent Molecular Pattern in NTHi Isolates
PLoS ONE | www.plosone.org 9 June 2011 | Volume 6 | Issue 6 | e21133
47. Hallstrom T, Riesbeck K (2010) Haemophilus influenzae and the complement
system. Trends Microbiol 18: 258–265.
48. Avadhanula V, Rodriguez CA, Devincenzo JP, Wang Y, Webby RJ, et al. (2006)
Respiratory viruses augment the adhesion of bacterial pathogens to respiratory
epithelium in a viral species- and cell type-dependent manner. J Virol 80:
1629–36.
49. Singer BB, Scheffrahn I, Kammerer R, Suttorp N, Ergun S, et al. (2010)
Deregulation of the CEACAM expression pattern causes undifferentiated cell
growth in human lung adenocarcinoma cells. PLoS One 5: e8747.
50. Gray-Owen SD, Dehio C, Haude A, Grunert F, Meyer TF (1997) CD66
carcinoembryonic antigens mediate interactions between Opa-expressing
Neisseria gonorrhoeae and human polymorphonuclear phagocytes. EMBO J 16:
3435–3445.
51. Lamers RP, Stinnett JW, Muthukrishnan G, Parkinson CL, Cole AM (2011)
Evolutionary analyses of Staphylococcus aureus identify genetic relationships
between nasal carriage and clinical isolates. PLoS One 6: e16426.
52. Hong W, Pang B, West-Barnette S, Swords WE (2007) Phosphorylcholine
expression by nontypeable Haemophilus influenzae correlates with maturation of
biofilm communities in vitro and in vivo. J Bacteriol 189: 8300–8307.
53. Hallstrom T, Resman F, Ristovski M, Riesbeck K (2010) Binding of complement
regulators to invasive nontypeable Haemophilus influenzae isolates is not increased
compared to nasopharyngeal isolates, but serum resistance is linked to disease
severity. J Clin Microbiol 48: 921–927.
54. Novotny LA, Jurcisek JA, Pichichero ME, Bakaletz LO (2000) Epitope mapping
of the outer membrane protein P5-homologous fimbrin adhesin of nontypeable
Haemophilus influenzae. Infect Immun 68: 2119–2128.
55. Pizarro-Cerda´ J, Cossart P (2006) Bacterial adhesion and entry into host cells.
Cell 124: 715–727.
56. Tenover FC, Arbeit RD, Goering RV, Mickelsen PA, Murray BE, et al. (1995)
Interpreting chromosomal DNA restriction patterns produced by pulsed-field gel
electrophoresis: criteria for bacterial strain typing. J Clin Microbiol 33:
2233–2239.
57. Roche RJ, High NJ, Moxon ER (1994) Phase variation of Haemophilus influenzae
lipopolysaccharide: characterization of lipopolysaccharide from individual
colonies. FEMS Microbiol Lett 120: 279–283.
58. High NJ, Deadman ME, Hood DW, Moxon ER (1996) The identification a
novel gene required for lipopolysaccharide biosynthesis by Haemophilus influenzae
RM7004, using transposon Tn916 mutagenesis. FEMS Microbiol Lett 145:
325–331.
A Prevalent Molecular Pattern in NTHi Isolates
PLoS ONE | www.plosone.org 10 June 2011 | Volume 6 | Issue 6 | e21133
